In our quest to develop a tissue engineered tear secretory system we have tried to demonstrate active transepithelial ion fluxes across rabbit lacrimal acinar cell monolayers on polyester membrane scaffolds to evaluate the bioelectrical properties of the cultured cells. Purified lacrimal gland acinar cells were seeded onto polyester membrane inserts and cultured to confluency. Morphological properties of the cell monolayers were evaluated by transmission electron microscopy (TEM) and immunofluorescence staining for Na,K-ATPase and the tight junction associated protein, occludin. Sections revealed cell monolayers with well-maintained epithelial cell polarity, i.e., presence of apical (AP) secretory granules, microvilli and junctional complexes. Na,K-ATPase was localized on both the basal-lateral and apical plasma membranes. The presence of tight cell junctions was demonstrated by a positive circumferential stain for occludin. Bioelectrical properties of the cell monolayers were studied in Ussing chambers under short-circuit conditions. Active ion fluxes were evaluated by inhibiting the short circuit current (I sc ) with a Na,K-ATPase inhibitor, ouabain (100 µM, basal-lateral, BL), and under Cl -free buffer conditions after carbachol stimulation (CCh, 100 µM). The directional apical secretion of Cl was demonstrated through pharmacological analysis, using amiloride (1mM, BL) and bumetanide (0.1mM, BL), respectively. Regulated protein secretion was evaluated by measuring the -hexosaminidase catalytic activity in the AP culture medium in response to 100 µM basal CCh. In summary, rabbit lacrimal acinar cell monolayers generate a Cl -dependent, ouabain-sensitive AP BL I sc in response to CCh, consistent with current models for Na + -dependent Cl -secretion.
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The tear film lubricates the eye and helps protect the ocular surface from bacte rial and viral infections. Insufficient production of tear fluid leads to a chronic, potentially disabling condition known as keratoconjunctivitis sicca (KCS) or dry eye (24) . Some severe forms of this condition are associated with autoimmunity in the lacrimal gland which is characterized by lymphocytic infiltrates containing large number of CD4 + T cells and immunoglobulin G (IgG) + B cells, and smaller numbers of IgM + B cells, macrophages, and dendritic cells (1, 35, 51, 57) . These infiltrates produce proinflammatory cytokines, including interleukins-1, -6, -12, and -18; interferon-; and tumour necrosis factor- (13, 26, 32, 49, 52) . It generally is thought that these immune mediators are responsible for parenchymal atrophy and dysfunction of the surviving tissue (17, 53, 60) . However, it also has been proposed that chronic stimulation of M3 muscarinic acetylcholine receptors by agonistic autoantibodies causes functional quiescence by down-regulating downstream signaling mediators, such as Gq and G11 (38) . KCS is one of the most commonly-treated eye conditions in the United States, affecting as many as ten million people, approximately two-thirds of whom are women.
Treatment strategies aimed at rehydrating the ocular surface with electrolyte-balanced lubricant eye drops and ointments provide temporary relief but usually do not arrest or reverse eye damage (15, 20, 29) .
The secretory parenchyma of the lacrimal gland consists of acini and a converging system of ducts. The acinar epithelium accounts for about 80% of the volume of the gland and is believed to produce most of the fluid that flows through the ducts to the ocular surface. Acinar cells employ classic exocytotic mechanisms to secrete tear-specific proteins, secretory component, and secretory IgA, and they employ an array of transmembrane ion transporters and aquaporins to secrete electrolytes and water. Ex vivo models have been devised to study the release of proteins and secretory component into culture media bathing isolated-and primary cultured acini. The availability of these ex vivo models has made it possible to formulate a detailed understanding of the signal transduction pathways that regulate protein secretion on a moment-to-moment basis and to pose specific hypotheses to explain why these mechanisms become quiescent during states of autoimmune activation associated with lacrimal insuffi ciency (38, 60) . In contrast, it has not been possible to study transepithelial electrolyte and water transport processes in ex vivo models. Consequently, many features of the mechanisms acinar cells use to produce fluid remain uncertain, and little is known about how these mechanisms are acutely regulated or why they become quiescent in chronic, pathophysiological states.
The reason it has heretofore been impossible to study lacrimal epithelial electrolyte and water transport ex vivo is that isolated acinar cells have a powerful tendency to re-organize themselves into acinus-like structures, recapitulating their histiotypic structure. We have tried to devise methods for establishing primary cultured lacrimal acinar cells as confluent monolayers. Such a model would be extremely useful for efforts to address important, unanswered questions about lacrimal epithelial transport physiology. Over the longer term, it could represent a critical step forward in the bioengineering of a functional lacrimal gland prosthesis (45) .
Our previous study demonstrated that rabbit lacrimal gland acinar cells established subconfluent monolayers but otherwise retained histiotypic morphology and cell function when cultured on various polymeric substrata in the presence of an extracellular matrix protein, Matrigel ® (44) . In the present study, we established epithelial cell monolayers on polyester membrane Transwell TM inserts and used the classic Ussing short-circuit methods to evaluate their transepithelial electrophysiological behavior . We based our experimental design on the currently accepted working hypothesis of how primary active transport of sodium (Na + ) and potassium (K + ) and secondary active transport of chloride (Cl ) produce an osmotic gradient that drives a flow of water across the acinar epithelium ( Fig. 1) 
MATERIALS AND METHODS

Animals
Purified lacrimal gland acinar cell monolayers (pLGACMs)
The procedures for isolation of purified lacrimal acinar cells (pLGACs) were as previously described (21 suspended in HSM at a density of 1 x 10 6 cells/ml. HSM is a serum-free, defined medium containing dexamethasone, ITS (insulin, transferrin and selenium) and a proprietary formulation of hormones and metabolites. For cell culture procedures, the media was supplemented with 10% FBS, 2 mM L-glutamine, 100 U ml -1 penicillin, 100 U ml -1 streptomycin, 0.25 µg ml -1 fungizone and 1 ng/ml of epidermal growth factor (EGF).
The upper chambers of 6-well culture inserts, which were used for transport studies in Ussing chambers, received 0.4 ml of the cell suspension, and the lower chambers received 2. 
Ussing chamber studies
Transport studies were conducted in bicarbonated Ringer's buffer solutions maintained at 37°C and equilibrated with 95% O 2 -5% CO 2 . The setup of the Ussing chamber has been previously described (3). Briefly, 6-well culture inserts with pLGACMs were equilibrated in BRS buffer for ~1 hr and gently Once the bioelectric properties of the pLGACMs attained steady state values, a cholinergic agonist, carbachol, was added (100 µM) to the basal chambers. Active efflux of Na + across the cell monolayer, driven by Na + ,K + -ATPase, was evaluated by the addition of 100 µM of ouabain to the bathing fluid on the basal chamber with four replicate samples.
The effects of Cl -free conditions on bioelectric properties were evaluated using the superfusion technique described previously (8) . This method of buffer exchange reduces the adverse effects induced by sudden changes in hydrostatic pressure encountered when bathing fluids were completely removed and then replenished. The bathing fluids in both sides of the Ussing chambers were replaced simultaneously by gravity feeding at a rate of 20 ml/min to the bottoms of the chambers. The apical bathing fluid received Cl -free BRS buffer while the basal side fluid received Cl -free BRS buffer containing 100 µM carbachol. The excess volume was suctioned off simultaneously at the surface, thus keeping the bathing fluid volume constant. I sc and TER were continually monitored during the whole superfusion process.
The Na + -H + exchanger inhibitor amiloride was dissolved in dimethylsulfoxide (1 mM) , and the Na + -K + -2Cl cotransporter inhibitor bumetanide (0.1 mM) was dissolved in dimethylsulfoxide. Equal volumes of the vehicles were used as controls. Four replicate samples were used for the control group, five for the amiloride group and six for bumetanide and amiloride + bumetanide groups.
Measurement of -hexosaminidase secretion
Secretion assays were carried out in 12-well culture inserts on day 4 with four replicate samples. The culture medium in each well was aspirated, and 0.5 ml and 1.5 ml of fresh, serum-free Dulbecco's modified eagle medium was added on the upper (apical) and lower (basal) chambers respectively. The plates were then incubated at 37°C for 2 to 3 h; 200 µl of the apical and basal medium (unstimulated) were then removed. The basal medium was completely aspirated and 0.6 ml of freshly prepared 100 µM carbachol solution was added to the basal chamber. The plate was incubated at 37°C under 5% CO 2 for 30 min. After incubation, 150 µl of the medium from the apical and basal chambers were collected and centrifuged at 700 rpm for 5 min at room temperature. The resulting supernatants were removed and stored frozen until they could be analyzed forhexosaminidase catalytic activity. The assay used a GENios Plus microplate reader 
RESULTS
Transmission electron microscopy
pLGACs cultured on polyester membrane inserts developed as a flattened, polarized cell monolayer demonstrating a histiotypic apical-basal orientation with the basal side facing the polyester substratum and the apical side facing the culture media (Fig. 2 ). Cells were connected with junctional complexes, including tight junctions beneath the plane of the apical surface. The apical cell membranes were intermittently studded with short microvilli, and the apical cytoplasm contained a vast number of clear vesicles and secretory granules. Profiles suggestive of exocytosis were frequently observed.
Confocal immunofluorescence microscopy
The presence of tight junctions was confirmed by positive circumferential staining for the junctional protein occludin (Fig. 3A) . However, no specific signal was detected in sections immunostained with mouse IgG1, isotype control (Fig. 3B ).
Immunofluorecence staining showed that pLGACs expressed Na,K-ATPase on both the apical and basal-lateral membranes (Fig. 4 ). Significant differences in Na,K-ATPase staining patterns were observed between carbachol-stimulated and unstimulated cells (Fig. 5) . Both the carbachol-stimulated and unstimulated cells expressed a plasma membrane stain for Na,K-ATPase. However, a weak, diffuse intracellular staining for Na,K-ATPase was observed in the cytoplasm of carbachol-stimulated cells, whereas no intracellular staining for Na,K-ATPase was seen in the cytoplasm of unstimulated cells.
Ussing chamber studies
The bioelectric properties of pLGACMs on culture inserts were evaluated in A positive carbachol-dependent I sc would be consistent with either the Ussing model for Na + absorption, or the model for Cl secretion first proposed by Silva et al. (46) . The shared feature of both models is the active efflux of Na + across the basal-lateral membrane, driven by Na + ,K + -ATPase. Addition of 100 µM ouabain to the basal-lateral chamber resulted in the complete return of carbachol-dependent I sc to baseline values (Fig. 6 ). The rapid decrease in I sc was accompanied by a rapid increase in TER (data not shown).
In the classic Ussing model for Na + absorption in tight epithelia, Na + influx through the apical membrane is mediated by Na + -selective channels, and I sc is independent of the nature of the anion in the bathing media. In contrast, the model for Na + -coupled Cl -secretion predicts that a positive I sc depends on the presence of Cl .
Consistent with the model for Na + -coupled Cl -secretion, replacing both the apical and basal bathing media with Cl -free Ringer's solution completely returned I sc to baseline values (Fig. 7) . This effect could be largely reversed by returning BRS to both chambers (data not shown).
While coupled Na + -Cl absorption is electroneutal, Na + -coupled substrate absorption is electrogenic and may generate a measureable positive I sc , depending on the leakiness of the pericellular pathway. Moreover, one may posit models in which Na + /H + exchangers and Cl /HCO 3 exchangers, or Na + -K + -2Cl symporters, mediate influx across the apical membrane, and under short-circuit conditions, anion channels mediate Cl efflux, resulting in a Cl -dependent I sc . A decisive prediction of the model for Na + -coupled Cl -secretion is that the coupled transporters are localized to the basal-lateral membrane. To test this prediction, selective inhibitors were added to the medium in the basal chamber. Addition of neither amiloride alone nor bumetanide alone caused a significant change in steady state I sc (Fig. 8) . However, addition of the two inhibitors in combination reduced steady-state I sc by roughly 65%.
-hexosaminidase assay
Of the proteins rabbit lacrimal gland acinar cells secrete in response to cholinergic stimulation, -hexosaminidase is the most easily measured (2) . In the unstimulated state, secretion of -hexosaminidase to the apical medium was nearly sixfold greater than secretion to the basal medium. Stimulation of 100 µM carbachol doubled secretion ofhexosaminidase to the apical bathing medium (P 0.05) but had no significant effect on secretion to the basal medium (Fig. 9) .
DISCUSSION
To study vectorial epithelial transport in vitro, it is necessary not only that a preparation maintain normal polarization of cytoplasmic constitutents and plasma membrane domains, but that it also establish a continuous monolayer with significant resistance to the passive movements of electrolytes solutes and cellular secretory products. The introduction of the MDCK and LLC-PK1 cell lines with these characteristics more than three decades ago (22) Na,K-ATPase generates chemiosmotic energy that drives a variety of transport processes in the plasma membranes of all vertebrate cells (42, 47) . In most epithelia, it is distributed asymmetrically, and immunocytochemical or immunofluorescence microscopy usually detects it exclusively in the basal-lateral plasma membrane. The lacrimal acinar cell appears to be an exception to this generalization. Both subcellular fractionation analyses and immunolocalization methods indicate that, while it is expressed at highest specific activity in the basal-lateral membrane, it also is expressed in the apical plasma membrane (55), but it is preponderantly localized in intracellular pools (7, 34 ) now known to be associated with the early endosome, recycling endosome, and trans-Golgi network (58) . Immunofluorescence staining of the cultured lacrimal acinar cell monolayers demonstrated the localization of Na,K-ATPase at both the basal-lateral and apical plasma membranes, with greater intensity of labeling at the basal-lateral plasma membranes.
Cholinergic stimulation triggers a number of events in isolated and primary cultured lacrimal acinar cells, related to their diverse secretory functions. These include activation of apical Cl channels (14, 16, 39) , activation of basal-lateral Na + /H + antiporters (27, 40) , release of macromolecular secretory products and internalization and recycling of secretory vesicle membrane constituents (23, 56) , release of the polymeric IgA receptor secretory component (41), acceleration of the vesicle traffic recycling between the plasma membranes and endosomes (19, 28) , and a net translocation of Na,KATPase pumps from the intracellular pools to the basal-lateral plasma membranes (59).
The detection of Na,K-ATPase in the cytoplasm of cells in the monolayers after carbachol stimulation but not in non-stimulated cells may indicate that Na,K -ATPase subcellular localization and traffic differs from the models that have been studied previously; or it might result from technical issues related to the density of Na,K-ATPase being near the threshold of detection in the intracellular compartments.
It is the Na,K-ATPase pump units expressed in the basal-lateral plasma membrane that are thought to provide the energy necessary for net fluxes of electrolytes in either the absorptive or the secretory direction (18, 46) . The cardiac glycoside ouabain, an inhibitor of Na,K-ATPase, has been shown to reduce fluid secretion by rabbit lacrimal gland in vivo (5, 10), and our observation that addition of ouabain to the basal medium completely abolishes the carbachol-induced I sc accords with this concept.
A positive short circuit current such as we observed after stimulation with carbachol is formally consistent with either active electrogenic absorption of a cation, i.e., Secretagogues are known to stimulate isolated and primary cultured lacrimal acinar cells to release secretory proteins to their ambient media (59), but with those models it was necessary to employ sophisticated live-cell imaging methods to verify that the exocytotic process occurred preferentially at the apical plasma membrane (25) . Our studies with the acinar cell monolayer model confirm that carbachol-inducedhexosaminidase secretion is directed to the apical plasma membrane. However, our observations also reveal that acinar cells maintain a constitutive secretory process directed to the basal-lateral membrane, such as has been predicted on the basis of data obtained through subcellular fractionation analyses (58) .
In summary, we report the first successful ex vivo reconstitution of an electrophysiologically functional lacrimal gland epithelial tissue. When grown on polyester membrane scaffolds, acinar cells from rabbit lacrimal glands established continuous monolayers with transepithelial resistances typical of the "leaky" epithelia.
The reconstituted epithelia generate a carbachol-induced, ouabain-senstive, Cldependent-, apical basal-lateral I sc consistent with current cellular models in which Na + -coupled co-transporters use the energy of Na + electrochemical potential gradient, established by Na,K-ATPase, to mediate active secretion of Cl (12, 50) . We anticipate that this model will be useful for studying basic mechanisms in lacrimal cell physiology 
